Abstract Climate change is altering wildfire activity across Alaska, with increased area burned projected for the future. Changes in wildfire are expected to affect the need for management and suppression resources; however, the potential economic implications of these needs have not been evaluated. We projected area burned and associated response costs to 2100 under relatively high and low climate forcing scenarios (representative concentration pathways (RCP) 8.5 and 4.5) using the Alaskan Frame-based Ecosystem Code (ALFRESCO) model. We calculated unique response costs for each of the four fire management options (FMOs) currently used in Alaska that vary in suppression level using federal cost data. Cumulative area burned between 2006 and 2100 across Alaska averaged 46.7M ha under five climate models for RCP8.5 and 42.1M ha for RCP4.5, with estimated cumulative response costs of $1.2-2.1B and $1.1-2.0B, respectively (3% discount). The largest response costs were incurred for the Full FMO, an area of high suppression priority, but where risks to human life and property are relatively low. Projected response costs across the century indicated that costs would be largest annually in the 2090 era (2080-2099) under RCP8.5, totaling $41.9-72.9M per year. For RCP4.5, the highest costs were projected for the 2070 era (2060)(2061)(2062)(2063)(2064)(2065)(2066)(2067)(2068)(2069)(2070)(2071)(2072)(2073)(2074)(2075)(2076)(2077)(2078)(2079) 
Introduction
Climate change has been linked to an increase in wildfire activity across the North American boreal forest (Flannigan et al. 2009a; Gillett et al. 2004; Kasischke et al. 2010; Kelly et al. 2013) , with further increases in frequency and extent projected for the future (Balshi et al. 2009; Flannigan et al. 2009b; Flannigan et al. 2016) . While this ecosystem is well adapted to fire, increased fire activity can facilitate long-term changes to ecosystem structure and function (Johnstone et al. 2010 ) and elevate risks to society (Trainor et al. 2009 ). In Alaska, increased wildfire activity is occurring concurrent with greater human settlement in the wildland-urban interface (WUI), thereby heightening the potential for direct human exposure to fire (Berman et al. 1999; Calef et al. 2008; Cohen 2000) and the need for greater financial resources to suppress wildfire spread.
Alaska's landscape presents unique challenges that have shaped wildfire suppression policies. Boreal forest covers about 60% of the state (Markon et al. 2012) and is dominated by black spruce (Picea mariana), a highly flammable tree species that has contributed to the burning of hundreds of thousands of hectares annually in recent decades (AICC 2016; Todd and Jewkes 2006) . The vast size of the boreal forest and limited road network across Alaska make fire suppression logistically difficult and costly, especially in remote areas, where lightning-caused fires are common (Todd and Jewkes 2006) . Wildfire suppression in Alaska formally began 1939, and in the early years, focus was placed on suppression and prevention of as many fires as possible, despite very limited resources (Todd and Jewkes 2006) . Over time, the impracticality of fighting all fires in Alaska, evolving US fire policy, and improved understanding of the ecological importance of fire, contributed to a shift towards wildfire management instead of simply suppression and prevention. In the 1980s, fire management options (FMOs) were introduced and are currently in use by fire agencies in Alaska. Wildfire agencies and landowners designate lands into four FMOs-Critical, Full, Modified, and Limited-which prioritize the allocation of resources and inform unique response protocols (AICC 2016; AIWFMP 2010) (Table 1) . Land assignment to an FMO is based on many factors including public and firefighter safety, existing policies, property value, natural and cultural resources, environmental health and sustainability, and potential suppression costs (AIWFMP 2010) . Land designation to each FMO is revised annually, to reflect changes in the location of valuable property and in consideration of where fire occurrence many improve habitat for wildlife (Trainor et al. 2009 ). Because of the uneven distribution of Alaska's population and high-value property, there are considerable differences in location of the total land area within each FMO (see FMO designation map at http://fire.ak.blm.gov/content/maps/aicc/Alaska_Fire_Management_ Options.pdf). Critical areas receive the highest priority yet comprise the smallest land area (about 1.3 M ha), while Limited areas-where fires are rarely fought-cover the largest portion of the state, totaling over 106 M ha (Table 1) .
If projected increases in wildfire activity (Balshi et al. 2009; Flannigan et al. 2009a; Rupp et al. 2016 ) are realized, the financial resources needed to respond to wildfires are likely to increase, especially if fires occur in FMOs where suppression is prioritized. We estimated the potential wildfire response costs through 2100 for large (≥100 ha) fires within each FMO across Alaska. Further, we considered the benefits (or avoided costs) resulting from global action to reduce greenhouse gas (GHG) emissions. To do this, we projected area burned by wildfire under high and low climate forcing scenarios using the Alaskan Frame-based Ecosystem Code (ALFRESCO) model (Johnstone et al. 2011; Rupp et al. 2007; Rupp et al. 2016; Rupp et al. 2000; Rupp et al. 2002) . This model integrates climate, vegetation type, and forest age to calculate a flammability coefficient, which is then used to simulate fire initiation and subsequent spread across the landscape. Wildfire response costs were then calculated based on historic federal expenditure data and spatially-explicit projections of area burned. This study is a new component of a broader, multi-sector modeling framework developed for the Environmental Protection Agency's (EPA) Climate Change Impacts and Risk Analysis (CIRA) project , which seeks to estimate the effects of global GHG reductions in avoiding or reducing future impacts and damages.
Methods

Climate projections and model overview
Future climate was projected using five previously downscaled general circulation models (GCMs) determined to have the most skill for Alaska and the Arctic (Walsh et al. 2008 ; https://www.snap.uaf.edu/methods/models, detailed in Online Resource 1). Model skill is a criterion to select a subset of GCMs that are able to best re-create historical climate in a region (e.g., see (McSweeney et al. 2015; Rupp et al. 2013; Vano et al. 2015) . In the context of the GCMs used in this analysis, skill is measured based on the degree to which each GCM's output aligned with observed climate data from 1958 to 2000 for precipitation, sea level pressure, and surface air temperature. Due to nonstationarity, skill at matching observations may not always lead to superior representation of future climate conditions. Projections for the five GCMs included representative concentration pathways (RCP) 8.5 (high GHG emissions) and RCP4.5 (lower GHG emissions) from the Coupled Model Intercomparison Project Phase 
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Modified Areas where risks to humans and infrastructure are relatively low and management decisions are designed to balance area burned with suppression costs. Suppression occurs if there is high fire danger.
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Limited Typically remote areas with a low density of valuable property, allowing for natural fire dynamics and associated ecological processes. Not typically suppressed.
106,672 Taylor et al. 2012) , which were selected to be consistent with the forcing scenarios being used in the forthcoming Fourth National Climate Assessment (USGCRP 2015) and availability of data. Next, the downscaled temperature and precipitation data were input to the ALFRESCO model. ALFRESCO is a spatially-explicit, landscape-scale biogeographic model of vegetation and wildfire dynamics that incorporates climate information to project vegetation distribution and fire regime under future climate conditions. The primary spatial process employed in the model is the stochastic simulation of fire regime, which is carried out at a 100-ha grid cell resolution. Climate, vegetation type, and successional age of each grid cell are used to calculate a flammability coefficient, which is used to simulate fire initiation and subsequent spread across multiple grid cells. Flammability is affected by climate through a weighted function of monthly average temperatures in March through June and monthly precipitation totals in June and July (Johnstone et al. 2011) . The function governing the influence of climate on flammability explains 79% of the variability in logarithm of area burned annually, based on Alaska fire data from 1950 to 2004 (Duffy et al. 2005) . Fire spread is based on neighboring pixel flammability and the presence of fire breaks on the landscape (Johnstone et al. 2011) . For a more detailed description of the model, see Johnstone et al. 2011 , Mann et al. 2012 , Rupp et al. 2007 , Rupp et al. 2016 , Rupp et al. 2000 , and Rupp et al. 2002 .
We relied on a mode in ALFRESCO that considers the spatial distribution of FMOs and adjusts the probability of fire spread between cells (i.e., fire is less likely to spread in FMOs with higher suppression priority). We conducted 200 replicate simulations for the 1901-2100 time period for each of the 10 GCM × RCP combinations. Past experience and testing of ALFRESCO determined that 200 replicates capture the inherent variability of the stochastic fire simulations, and therefore we selected this number for our analysis. Because ALFRESCO is a stochastic model, each replicate simulation produced a different spatial and temporal pattern of wildfire occurrence. We relied on the median value across the 200 simulations for most analyses, which allowed for greater statistical certainty in projected outcomes for each FMO. To illustrate the variation across these simulations, we also report the 25th and 75th percentile values for many of our results. We focused on output of area burned (a yes/no designation for each 100 ha grid cell, calculated on an annual time step) and also evaluated the extent of dominant vegetation types to inform the discussion of results (see Online Resource 1). Projected annual area burned was aggregated by FMO to calculate response costs between RCPs and across four, 20-year eras presented with the central year: 2030 (2020-2039), 2050 (2040-2059), 2070 (2060-2079), and 2090 (2080-2099) . Response costs were estimated using the five-model average of the median area burned across the 200 replicate simulations. Projections of annual area burned were compared with modeled historical fire extent to evaluate the relative change over time. The total area burned for each FMO within this historical baseline period is reported in Online Resource 2, Tables S2 and S4.
Wildfire response costs
The responsibility and incurred costs of responding to wildfires in Alaska are shared by state and federal agencies. At this time, a detailed compilation of historically incurred costs that reflect expenditures of both state and federal sources is not available. Therefore, we used federal cost data that was publicly available as the basis for our study, but also discuss how inclusion of state expenditures could influence our reported response costs. We estimated response costs per hectare burned for each FMO using historical (2002 FMO using historical ( -2013 data from the Alaska Interagency Coordination Center (AICC, http://fire.ak.blm.gov/) and the National Fire and Aviation Management web application (http://fam.nwcg.gov/fam-web/hist_209/report_ list_209) and provide detailed methods in Online Resource 1. These databases included costs reported by federal agencies for fires ≥100 ha in size and fires that required an Incident Management Team Type 1 or 2 response (i.e., high priority suppression requiring a complex response with large resource needs). Only 28% of reported fires included response costs; however, it is likely that some fires incurred costs that were not reported (AICC, personal communication). We estimated costs per unit area both with and without inclusion of fires with no cost data reported (Table S1 ). We determined that inclusion of fires with no cost data helps to standardize costs within an FMO and account for the expectation that not all fires or hectares burned will be actively fought, especially in FMOs with low suppression priority. However, because some fires with incurred costs may not have been reported (such as small fires located in high-priority suppression areas), this approach may underestimate the response cost per unit area. We also calculated response cost per unit area using total hectares burned only for fires with reported response costs. This approach may give a more accurate response cost per unit area for fires that are fought; however, it does not account for areas where active suppression measures are not employed. Estimated costs using this approach were higher for all FMOs, as expected; however, there was large variation in the relative difference between the two approaches (Table S1 ). Future response costs were estimated by applying the FMO-specific cost per hectare to the projected annual area burned within each FMO using both cost estimate approaches, to illustrate a potential range in future costs.
State-incurred costs (including many fires <100 ha in size) can make up a large proportion of total annual costs to Alaska that our projected estimates do not capture. For instance, between 2009 and 2015, an average of 68% (±8% SD) of annual costs were incurred by the state (B. Fronterhouse and K. Herrera, personal communication). This indicates that the cost per hectare values we used in this analysis are likely a considerable underestimate of what will be realized to respond to wildfire in the future. The 2009-2015 data represent total annual costs for a somewhat different time period than we used in cost estimate development and we cannot distinguish among FMOs, determine individual fire sizes, or estimate costs per unit area. Since FMOs and area burned were metrics central to our cost calculations, we are limited in our ability to determine how large an underestimate our projected values represent. However, to acknowledge that our estimates could be ∼68% lower than the combined state and federal costs, we report values that are 68% higher alongside the costs projected using the federal-only data for some of our results.
Results
Projected cumulative area burned in Alaska between 2006 and 2100 averaged 46.7M ha across the five GCMs under RCP8.5, and 42.1M ha for RCP4.5 (Table 2) . For both RCPs, approximately 67% of projected area burned occurred in the Limited FMO, while 17 and 15% of burned area was contained in the Full and Modified FMOs, respectively. Critical areas accounted for 0.5% of cumulative area burned. Projected area burned was larger for RCP8.5 than RCP4.5 for all FMOs and GCMs except Modified and Limited under one model (MRI-CGCM3). Mean cumulative response costs (3% discount, 2015$) were similar for the two RCPs, averaging $1.2-2.1B and $1.1-2.0B for RCP8.5 and RCP4.5, respectively, where the range represents the mean based on all reported wildfires (lower value) and only fires with reported costs (higher value) (Table 3) . Further, if we assume that our projections capture only about 32% of the total costs, as is suggested by the limited State cost data available, then our projected values would increase to approximately $2.0-3.5B and $1.8-3.4B. Among FMOs, mean costs were highest for Full and lowest for Critical for both RCPs (Table 3) . However, CCSM4 projected higher response costs for RCP4.5 than RCP8.5 for all FMOs, and a similar pattern was observed for MRI-CGCM3 for all FMOs except Critical. Generally among GCMs, both total and FMO-specific response costs were lowest under the GISS-E2-R and MRI-CGCM3 models under both RCPs.
Total mean annual response costs (undiscounted) varied across eras and between RCPs, but generally increased over time (Fig. 1a) . Response costs were consistently higher for the dataset that included only wildfires where response costs were reported (Fig. 1) . In the 2030 era, annual costs were projected at $23.3-40.9M and 26.9-46.7M per year for RCPs 8.5 and 4.5, respectively, where the range represents the means based on all reported wildfires (solid bars) and only fires with reported costs (hashed bars). By 2090, annual costs were projected to increase to $41.9-72.9M and 33.8-59.2M per year. For comparison, mean annual incurred costs for the 2002-2013 historical period were $31M per year, suggesting that future costs, particularly late in the century, are likely to observed between RCPs. The FMOs showed similar patterns in relative differences between RCPs within each era; however, the annual response costs varied considerably across FMOs (Fig. 1b-e) . The Full FMO exhibited higher response costs than all other FMOs for both RCPs across all eras (Fig. 1c) . The highest response costs were projected for the Full FMO under RCP8.5 in the 2050 and 2090 eras, where costs were estimated to be $26.4-38.7M and $27.4-40.2M annually, respectively. The largest difference between RCPs within an FMO was also observed for the Full FMO in the 2050 era, where annual projected costs were about $9.4-13.8M higher for RCP8.5 than RCP4.5 (Fig. 1c) . The relative change in mean annual hectares burned between the historic baseline and projected 2050 and 2090 eras indicated a larger increase in area burned under RCP8.5 than RCP4.5 across much of the state, especially in 2050 (Fig. 2) . The largest increase in area burned for RCP8.5 was observed in the Southwest and Interior, while RCP4.5 projected a smaller increase in the western portion of the state and a decline in hectares burned across much of the Interior. In the 2090 era, the RCPs showed similar patterns in the spatial extent of grid cells projected to burn as compared with the historic baseline, but the increase in projected area burned was larger for RCP8.5 than RCP4.5. Generally, the easternmost part of the state showed a decrease and the North Slope showed a slight increase in area burned for both RCPs and eras (Fig. 2) . Statewide, projected decadal area burned generally indicated an increase in area burned late in the century relative to the historic baseline, but variability was observed across GCMs (see Online Resource 2, Tables S2 and S4). 
Discussion
Climate change in Alaska is projected to increase area burned and associated response costs, with potential costs estimated to be $1.1-2.1B from 2006 through the end of the century.
Area burned and associated response costs were generally larger for RCP8.5 than RCP4.5, indicating that reducing global GHG emissions could modestly lessen the total economic impact of climate change. The difference in area burned this century averaged 4.6M ha between RCPs, which is a ∼10% reduction in area burned and comparable to the total hectares burned in just 2004 and 2005, two of Alaska's large fire years (AICC 2016) . Cumulative response costs differed by about $46-80M between RCPs, representing a ∼4% reduction in costs, if the RCP4.5 emissions scenario is realized. The relatively modest benefit of GHG emissions reductions observed here is consistent with a similar analysis for the contiguous USA, which reported a 13-14% reduction in area burned when comparing high and low GHG emissions futures (CIRA 2015; Mills et al. 2015) .
Differences in response costs across the FMOs were influenced by the size of each FMO, the projected area burned, and the response cost per unit area. While the Limited FMO covers the largest area and contained over half the projected cumulative hectares burned, this FMO accounted for only about 17-25% of the projected incurred costs due to the low response cost per hectare ($17-44, Table S1 ). In contrast, the Full FMO (with a $259-379 per hectare response cost) accounted for only 17% of the cumulative area burned, but about 54-65% of incurred costs. Southwest Alaska contains a large area designated as Full and showed the largest projected relative increase in burning (Fig. 2) , likely driving this finding.
Total mean annual response costs reported here suggest that Alaska will face a continued and increasing financial burden from wildfires. A similar trend was reported recently for Canada, where a rise in projected area burned resulted in higher suppression costs under RCP8.5 relative to RCP2.6, a lower emission scenario than RCP4.5 (Hope et al. 2016 ). An increase in wildfire response costs have also been observed in Canada since the 1970s and are expected to continue to grow as a result of climate change and societal factors (Stocks and Martell 2016) . In the 2002-2013 historical time period, our annual response costs averaged $31M per year (AICC 2016). Our projections, which likely substantially underestimate total costs for the reasons discussed below, indicate that this amount could be surpassed by the 2030 era for both RCPs. For all FMOs, the projected decadal area burned was larger in 2050 and 2090 than in 2070 (Tables S2 and S3 in Online Resource 2), which drove the observed pattern in mean annual response costs (Fig. 1) . This shift in burning over time was likely influenced by changes in vegetation composition (Figs. S1 and S2 in Online Resource 3), where an observed pattern of increasing deciduous forest dominance (which is less flammable than spruce) reduced area burned and influenced the fire return interval in ALFRESCO (Rupp et al. 2007 ). Additionally, most of Alaska is projected to experience increased precipitation and the entire state is projected to experience increased temperatures through 2100 across the climate models used here. These climatic factors directly affect fire initiation and subsequent spread in the ALFRESCO model by influencing the flammability of each grid cell (Johnstone et al. 2011) . The observed changes among these factors support our observed differences between models in the temporal pattern of decadal area burned (see Tables S2 and S3 ). The decrease in 2030 relative to the baseline for three of the five GCMs, for example, likely results from a large increase in precipitation during that era, with a less pronounced increase in temperature.
Our response cost estimates would be improved by the use of historical cost per hectare data that includes both state and federally incurred costs. Because we derived per hectare costs using only federal expenditures data, we are likely missing a considerable contribution of costs that are incurred by the state for two reasons. First, there are likely instances where both state and federal resources are expended in fighting the same fires. The inclusion of those state expenditures in the per-fire cost reporting would increase the per hectare values. Second, many state response efforts are focused in higher priority management areas, which increases the effort expended. These limitations are clearly illustrated by reported state-incurred costs that accounted for 68% of total wildfire response costs in Alaska in recent years. When we integrate this finding with our cost estimates, cumulative costs this century rise considerably to $2.0-3.5B and $1.8-3.4B, for RCP8.5 and RCP4.5, respectively. This suggests realized costs in the future may be much higher than those reported here, which will likely place an even greater financial burden on fire management agencies. Our estimates could also be improved by evaluation of fixed versus variable costs and how they may change over time in response to wildfire activity.
Enhanced capabilities to project small wildfires and monetize associated response costs would also improve projected cost estimates. Historically, a large proportion of ignited fires have remained smaller than the 100-ha grid cell resolution of the ALFRESCO model (DeWilde and Chapin 2006) . This suggests that our approach may be unable to capture many fires. Additionally, many of these small fires have historically occurred within the Critical and Full FMOs (AIWFMP 2010; DeWilde and Chapin 2006) , and therefore likely incurred relatively high costs. Another consideration outside the scope of this analysis is the effect of continued expansion of human settlement in the WUI. This could increase the number of human-ignited fires (Calef et al. 2008 ) and the size of the area designated to higher suppression FMOs. Finally, recent research indicates that climate warming may increase lightning strikes (Romps et al. 2014) , which could influence the frequency of lightning-caused fires in the future, provided that increases in precipitation do not serve to counteract these effects.
This study provides a first estimate of potential wildfire response costs for Alaska through the end of the century. Relative differences in area burned among FMOs and the associated response costs presented here may help to inform future resource needs and considerations when balancing societal risks and funding constraints. Future analyses that build on this work would further improve our ability to project changes in wildfire and suppression needs as the climate continues to change. 
